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In adult long-distance runners, significant decrease in trabecular bone density is recognized [6, 7] . However, the effects of long-distance training on cortical bone have not been clarified yet. On the other hand, a major concern for athletes is fractures of the long bones, which often force the runners to retire from racing. Thus, it is necessary to clarify the status of the long bones, particularly cortical bone status, in these athletes. Furthermore, serious training in long-distance running is usually started at the prepubertal period, but we still do not have sufficient data about the influence of training during this period, even on the lumbar spine. Such information is essential for the prevention of sports injuries and the health care of young athletes.
In the present study, we tried to elucidate the effects of long-distance training on the bones of the athlete at two different bone metabolic periods by evaluating the bones of female high school athletes who are in the modeling period and female adult athletes who are in the remodeling period, as well as evaluating their menstrual conditions.
Subjects and methods

Subjects
Thirteen female athletes specializing in long-distance running at the track and field club of high schools (high school athletes) and 7 female long-distance athletes (adult athletes) participated in this study. The age of the high school athletes ranged from 15 to 17 years (mean Ϯ
Introduction
Bone mass increases as pubertal sex hormone secretion increases [1] , and it reaches a peak or a maximal bone SD, 16.2 Ϯ 0.8 years) and the age of the adult athletes from 21 to 25 years (22.9 Ϯ 1.9 years). All the participants of high school athletics and the adult athletes started long-distance training seriously after entering their high school. Monthly running distances were calculated from the practice record of each subject. Their average monthly running distances were 513 Ϯ 92 km for the high school athletes and 810 Ϯ 105 km for the adult athletes at the time of the study.
Study period and methods
The study was conducted from January 1997 through March 1998. Bone measurements were obtained using dual-energy X-ray absorptiometry (DXA; Hologic QDR-4500W) on total body and spine. Bone mineral density (BMD) of the total body and the leg measurements were obtained from the total body DXA scan. BMD of the lumbar spine (L2-L4) was measured from the spine DXA scan. Bone mineral content (BMC) and body fat (total body, arms, legs, trunk) were measured from the total body DXA scan. The coefficients of variation (CV) for total BMC and BMD were less than 1% and that for spine BMD was 1% (Hologic). Cortical bone status was evaluated by measuring tibial speed of sound (t-SOS) using a Sound Scan 2000 (Myriad Ultrasound System, Rehovot, Israel). t-SOS was measured at the right tibial midshaft as described previously [8] . In brief, the ultrasound probe was moved manually across the midtibial plane, in search for a site with a maximal speed of sound reading. Each measurement consisted of minimum of 150-200 discrete velocity readings, lasting about 5 min, and the computed average of the 5 highest readings was considered as the representative result. The CV for t-SOS ranged from 0.09% to 0.55% [9] [10] [11] .
Blood samples were taken in the morning before training to measure the levels of osteocalcin (OC, as a bone formation marker), and tartrate-resistant acid phosphatase (TRAP, as a bone resorption marker). A skilled female doctor questioned all subjects regarding the frequency of their menses and their past medical history (including fracture experience). None of the subjects had any diseases known to affect bone metabolism. Menstrual conditions were classified by direct history taking into three categories:
1. Regular menstruation (periodic menstruation) 2. Irregular menstruation (irregular menstruation approximately once every 3 months) 3. Amenorrhea (almost complete absence of menstruation including menarche)
The objectives and methods of the study were explained to all subjects, and a written informed consent was obtained from each one.
Statistical analysis
The values in the results are expressed as mean Ϯ SD. The unpaired t test was used for the comparison between the high school athletes and the adult athletes. P values Ͻ0.05 were considered as statistically significant.
Results
Physical characteristics, athletic career, and running distances
The physical characteristics, athletic career, monthly running distances, and menstrual condition of the athletes are shown in Table 1 . There were no significant differences between the high school athletes and the adult athletes in terms of their height and body weight (P Ͼ 0.05 for both). Body fat rate of the arms was significantly higher in the adult athletes (P Ͻ 0.05); however, there were no significant differences between the two groups in terms of total body fat rate, body fat rate of the legs, and body fat rate of the trunk. There were no significant differences in lean body mass between the high school athletes and the adult athletes. Their athletic careers were 1.4 Ϯ 0.7 years for the high school athletes and 7.9 Ϯ 1.9 years for the adult athletes, and the athletic career of the adult athletes was significantly longer (P Ͻ 0.01). Regarding monthly running distances, that of the adult athletes was significantly longer (P Ͻ 0.01). Regarding menstrual conditions, three, eight, and two high school athletes had regular, irregular, and absent menstruation, respectively, and five and two adult athletes had regular and absent menstruations, respectively. Height, body weight, and body fat rate showed no significant differences among the three categories of menstrual condition.
Bone assessment
Total BMD, lumbar BMD, leg BMD, total BMC, and t-SOS were compared between the high school athletes and the adult athletes. Figure 1 shows total BMD, leg BMD, and lumbar BMD. Total BMD and leg BMD were significantly higher in the adult athletes (P Ͻ 0.05 and P Ͻ 0.01, respectively). Lumbar BMD of the high school athletes was significantly higher than that of the adult athletes (P Ͻ 0.01). Concerning total BMC, there were no significant differences between the high school athletes and the adult athletes. Figure 2 shows that t-SOS in the adult athletes was significantly higher than that of the high school athletes (P Ͻ 0.05).
Bone metabolic markers Figure 3 shows levels of the bone formation marker OC and the bone absorption marker TRAP. The level of OC was significantly higher in the high school athletes (P Ͻ 0.01). However, there were no significant differences in the level of TRAP between the high school athletes and the adult athletes.
Menstrual conditions and bone assessment
The relation between menstrual conditions and bone assessment was investigated in the high school athletes and the adult athletes according to three categories of menstrual condition. Total BMD showed no significant differences among the three categories of menstrual condition in either high school athletes or adult athletes. When leg BMD was compared according to their menstrual condition (Fig. 4) , the high school athletes with regular menstruation showed a significantly higher level of bone density than the other categories of high school athletes (P Ͻ 0.05). In the adult athletes, leg BMD showed no significant differences among the categories of menstrual condition. When lumbar BMD was compared in relation to their menstrual condition (Fig. 5) , high school athletes with regular menstruation showed a significantly higher level of bone density than the other menstrual categories of high school athletes (P Ͻ 0.05). In the adult athletes, lumbar BMD showed no significant differences among the categories of menstrual conditions. BMC and t-SOS were not significantly different among the categories of menstrual condition in both the high school athletes and adult athletes.
Discussion
The American College of Sports Medicine (ACSM) previously released a warning statement that eating disorders, amenorrhea, and osteoporosis are the female athlete triad that occur closely related to each other in female athletes. In fact, these disorders are quite frequently observed among long-distance runners and rhythmic gymnasts who engage in competition exercise during their puberty and adolescence [12] . The ACSM suggests checking for the other disorders when one of these disorders is recognized and also suggests trying to decrease the risk of developing such disorders by educating the athletes, taking precautions, and treating the disorders. In our present study, menstrual irregularities were observed in both high school athletes and adult athletes, and more particularly a higher level of menstrual irregularities was observed in the high school athletes (10/13 athletes). Frish et al. [13, 14] reported that the "critical point of body fat" to cause menstrual irregularities is 17% before menarche and 22% after regular menstruation. Our results showed that the total body fat rates in both the high school athletes and adult athletes were lower than the critical point of body fat. In addition, Keizer et al. [15] reported that the prevalence of menstrual cycle alterations is considerably higher in the young, intensively training, nulliparous competitive athletes than in older athletes or sedentary controls. The average monthly running distance was longer than 500 km for the high school athletes and 800 km for the adult athletes, indicating their serious engagement in long-distance training. Our results indicated that both physical exercise and low body fat were related to the menstrual irregularities, and that the number of years after menarche for the high school athletes was less than that for the adult athletes, explaining why the frequency of menstrual irregularities was higher in the high school athletes than in the adult athletes.
There are no sufficient reference data in the literature concerning lumbar BMD in puberty. Our results showed that the lumbar BMD of the high school athletes was significantly higher than that of the adult athletes. Also, lumbar BMD in adult athletes was low in comparison with reference values of young adults [16] , being 93.5% in the adult athletes and 104.6% in the high school athletes. These results indicate that the continuing intense training over a long period has a negative influence on trabecular bone. The metabolic mechanism of the bone is broadly classified into three processes: modeling, remodeling, and repair. Modeling is a type of metabolic process occurring during bone growth to change bone shape and to increase its size, remodeling is a maintenance metabolic mechanism after bone growth is completed, and repair is a metabolic process occurring during bone formation in events such as fracture repair.
Hauschka et al. [17] reported that the OC level is higher during puberty than in adulthood. The higher levels of this bone formation marker in the high school athletes than in the adult athletes indicate that bone metabolic turnover in the high school athletes is higher than in the adult athletes, and that they are still in the modeling period in terms of the bone metabolic state. Because there were certain relations between menstrual condition and lumbar and leg BMD, the effect of longdistance training on bone metabolism seems to be influenced strongly by the secretion of sex hormones during late puberty.
The adult athletes are considered in the remodeling period in terms of their bone metabolism process. The level of the bone formation marker was lower than in the high school athletes, and the lumbar BMD was lower than in the high school athletes as well, suggesting that the loads induced by long-distance training over a long period promoted a trabecular bone loss in the remodeling period. However, the total BMD, leg BMD, and t-SOS in the adult athletes were higher than in the high school athletes, and, therefore, it seems that longdistance training over a long period may increase the bone mass or strength of the cortical bones.
Although the outer bone radius in females barely increases after reaching its growth peak during adolescence (maximum increase is at 11.18 years), the outer bone radius in males continues to increase linearly after the age of 20 years [18] . Furthermore, cortical thickness and cortical area in females did not increase after adolescence. In addition, Shoenau et al. [19] reported that cortical area showed a positive correlation with muscle area, and that muscle area, representing muscle strength, was the strongest predictor of cortical area, representing bone mass, in all children, adolescents, and adults. Our present study indicated that the adult female athletes continuing intense training over a long period form cortical bone by increasing muscle strength.
In conclusion, our results indicated that long-distance training had a deleterious influence on bone metabolism, affecting both cortical and trabecular bones, mainly through disturbing the pubertal sex hormone secretion in the high school athletes. In the adult athletes, intense long-distance training may be beneficial for cortical bone status via increasing muscle strength, but the abnormal sex steroid environment may have a lesser effect on bone metabolism. Too intense longdistance training since puberty may inhibit maturation of the sexual endocrine environment and exert profound influences on bone metabolism.
